Invasive candidiasis in premature infants causes death and neurodevelopmental impairment. Fluconazole prophylaxis reduces candidiasis, but its effect on mortality and the safety of fluconazole are unknown.
70% of infants with birth weights of less than 1000 g died or experienced severe neurodevelopmental impairment, despite antifungal therapy. 2 Fluconazole prophylaxis has been shown in randomized placebo-controlled trials to reduce the incidence of invasive candidiasis in neonatal intensive care units (NICUs) with a high burden (≥15%) of candidiasis. 3, 4 Current recommendations include the use of fluconazole prophylaxis for infants with a birth weight of less than 1000 g who receive care in NICUs with high rates of invasive candidiasis. 5 However, most NICUs in the United States and the European Union have a lower burden of disease and have not uniformly adopted prophylaxis, based on controversies regarding high-risk patients, resistance, and safety. [5] [6] [7] Current evidence suggests that the incidence of invasive candidiasis among infants with a 1001 g to 1500 g birth weight is 1% and among infants with a 751 g to 1000 g birth weight, incidence is 3%. 8 Surveys of NICUs in the United States and the United Kingdom found that only 15% to 34% of NICUs use fluconazole prophylaxis. 6, 7 In addition, previous studies of fluconazole prophylaxis have mainly evaluated short-term outcomes during hospitalization, with only 1 single-center study assessing the effect of fluconazole prophylaxis on long-term neurodevelopment. 9 Our goal was to evaluate the safety and efficacy of fluconazole in preventing invasive candidiasis or death among infants born with a birth weight of less than 750 g in NICUs with lower incidence, and to determine the effect of fluconazole prophylaxis on neurodevelopment in surviving infants.
Methods

Sites and Patients
From November 2008 to January 2011, infants were enrolled at 32 NICUs in the United States. Study follow-up was completed in February 2013. Three sites considered for the study were using fluconazole prophylaxis for routine care in infants with a birth weight of less than 750 g and therefore were ineligible to participate. Seventeen additional sites lacked the infrastructure or research coordinator support to perform the trial. Infants with a birth weight of less than 750 g and less than 120 hours old were eligible for enrollment. Infants were excluded if they were receiving systemic antifungal therapy, were diagnosed with congenital or invasive candidiasis, or had aspartate transaminase (AST) or alanine transaminase (ALT) levels greater than 250 U/L or creatinine greater than 2 mg/dL. Enrolled infants were randomized by interactive voice recognition system (Almac). Randomization was by block (n = 4) and stratified by site and sibling enrollment status. Siblings were assigned to the same treatment group. Treatment group was blinded from site investigators, including clinicians performing neurodevelopmental assessments at 18-to 22-months corrected age, and from parents for the duration of the study. Enrolled infants received fluconazole (6 mg/kg twice weekly) or normal saline placebo. Study drug was administered intravenously in infants with intravenous access and enterally by orogastric tube to infants without intravenous access. Unblinded site pharmacists mixed the placebo to be the same consistency and color as the study drug.
Infants received the first dose of study drug by 120 hours of life and continued for 42 days unless the infant developed invasive candidiasis, developed evidence of liver failure (liver enzymes or conjugated hyperbilirubinemia >5-fold the upper limit of normal), or received more than 5 days of empirical antifungal therapy.
End Points
The primary end point was a composite of death or definite or probable invasive candidiasis prior to study day 49 (1 week after completion of study drug). Definite candidiasis was defined as a positive Candida culture from a normally sterile body fluid such as blood, cerebrospinal fluid, peritoneal fluid, or urine obtained via suprapubic aspiration or in/out catheterization. Probable invasive candidiasis was defined as receipt of more than 5 days of consecutive antifungal therapy and both thrombocytopenia (<150 000/10 3 μL) and a positive Candida culture from a nonsterile site (eg, bag urine). Secondary end points included death prior to study day 49 and probable or definitive candidiasis prior to study day 49. Safety end points included liver function as assessed weekly by AST or ALT, γ-glutamyl transpeptidase (GGT), and conjugated bilirubin if collected as part of routine care; bacterial infection (positive culture from normally sterile body fluid); length of stay; intracranial hemorrhage; periventricular leukomalacia; chronic lung disease (supplemental oxygen at 36-weeks corrected gestational age); patent ductus arteriosus requiring surgery; retinopathy of prematurity requiring surgery; necrotizing enterocolitis (Bell stage II or III) 10 ; and spontaneous intestinal perforation. Cultures from normally sterile body fluids positive for coagulase-negative staphylococci were considered bacterial infections.
Neurodevelopment was a secondary efficacy end point and was measured at 18-to 22-months corrected age. Neurodevelopmental impairment was defined as the presence of at least 1 of the following criteria: Bayley-III cognition composite score of less than 70, blindness, deafness, or diagnosis of cerebral palsy. 11, 12 The comprehensive neurodevelopmental evaluation included an interview with the infant's primary caretaker; an assessment of cognition, language, and motor development using the Bayley Scales of Infant Development III; a neurologic examination; and ascertainment of hearing and vision impairment. The Bayley-III cognitive composite score has a mean (SD) value of 100 (15) with a minimum score of 55 and a maximum of 145. A Bayley-III cognitive composite score of less than 70 (>2 standard deviations below the mean) was considered significantly delayed. Cerebral palsy was defined as a nonprogressive disorder characterized by abnormal tone in at least 1 extremity and abnormal control of movement and posture and could be mild, moderate, or severe. Blindness was defined as no functional vision in either eye. Deafness was defined as inability to understand commands in spite of amplification, hearing aids, or cochlear implants in both ears.
Statistical Analysis
Based on prior studies, 3,4 the estimated incidence of death or candidiasis among infants with a birth weight of less than 750 g was 30%. We hypothesized that fluconazole prophylaxis would decrease the incidence of death or candidiasis in the treated infants by 15% (absolute difference). Previous studies showed a 16% decrease in invasive candidiasis and a smaller decrease in mortality with the use of prophylaxis. With a sample size of 360, this study had 92% power to observe a decrease from 30% to 15% in the primary outcome. The full analysis data set was defined as all randomized infants who received at least 1 dose of study drug (modified intent-to-treat analysis). All statistical tests were 2-sided with a type I error of .05. Demographics, baseline characteristics, and secondary end points were summarized and compared between treatment groups. Because race may affect outcomes in premature infants, maternal race and ethnicity were recorded based on maternal self-report. Ninety-five percent CIs for proportions and risk differences were calculated using asymptotic Wald CIs or exact CIs for small cell counts. A χ 2 test
or Fisher exact test was used to assess discrete variables and 1-way analysis of variance (ANOVA) or the Wilcoxon rank sum test was used for continuous variables to assess any differences between treatment groups. In the analysis of the primary end point, we estimated that approximately 20% of the analysis population would be from multiple births. We therefore used a generalized estimating equation method to account for correlated data when analyzing the treatment effect on the primary end point. For infants with missing information for the primary end point (n = 3), we analyzed the primary end point in a prespecified sensitivity analysis-assigning the infants with missing information as failures, assigning them as successes, and assigning them as missing. The results did not differ between the 3 analyses. Each of the 3 infants with missing information was transferred to a lower-acuity NICU several weeks after enrollment. We therefore present the analysis that assumed that these infants were event-free. A post hoc analysis of the primary end point was conducted to adjust for gestational age, cesarean section, and antenatal steroid use. For secondary efficacy and safety end points, no adjustments were made for multiple comparisons and all of the secondary outcome results should be considered exploratory. All analyses were performed using SAS statistical software version 9.2 (SAS Institute Inc).
Ethical Oversight
The trial was approved by institutional review boards at all sites and written informed consent was obtained from the parents or legal guardians.
Conduct of the study was overseen by an independent data and safety monitoring board. Upon completion of enrollment, the data and safety monitoring board chair notified the principal investigator of a potential imbalance between the 2 groups in the incidence of adverse gastrointestinal events. Under the guidance of the data and safety monitoring board, each site was instructed to review the medical records of each infant with any gastrointestinal event. These events were initially recorded by the site as an adverse event, serious adverse event coded to the gastrointestinal disorder system organ class, or necrotizing enterocolitis or spontaneous intestinal perforation reported on the discharge case report form. Events recorded on the discharge case report form may have occurred before, during, or after study drug administration. The sites collected additional clinical information to determine incidence of necrotizing enterocolitis and spontaneous intestinal perforation. The presence of a patent ductus arteriosus in the week prior to the event was recorded, as was the amount of feeding. These clinical data were accompanied by a 1-page narrative and reports of all gastrointestinal radiology studies, which were reviewed centrally by 2 neonatologists from the study who were masked to intervention status. Nonconcordance between the 2 neonatologists was to be resolved by a third neonatologist. However, the 2 neonatologists reached agreement on all cases. Necrotizing enterocolitis was defined as either clinical symptoms consistent with necrotizing enterocolitis and an x-ray report describing pneumatosis intestinalis or portal venous gas, or a surgical/pathology report demonstrating bowel necrosis. Spontaneous intestinal perforation was defined as an x-ray report describing pneumoperitoneum in the absence of pneumatosis intestinalis or a surgical/ pathology report demonstrating isolated perforation with no evidence of necrosis.
Results
Patients
Of 2153 infants screened, 362 infants were enrolled; 188 received fluconazole, and 173 received placebo (Figure) . One of the infants randomized to the treatment group did not receive study drug due to a randomization error. Of the infants randomized to receive placebo, 3 families withdrew consent. Of the infants randomized to receive fluconazole, 1 family withdrew consent and 2 infants were withdrawn from the study by the treating physician. The median gestational age was 25 weeks ( Table 1) , and a majority of the infants were female (57%), non-white (60%), inborn (87%), and intubated at randomization (78%). More infants randomized to placebo were delivered by cesarean birth (78% vs 67%) and received antenatal steroids (87% vs 75%). Fewer infants developed definite or probable invasive candidiasis by study day 49 in the fluconazole group (3%; 95% CI, 1%-6%) vs in the placebo group (9% [95% CI, 5%-14%]; P = .02; treatment difference −6% [95% CI, −11% to −1%]). In an exploratory analysis, this statistically significant protective effect persisted through the remainder of the hospital stay, with fewer infants in the fluconazole group developing invasive candidiasis before discharge (4%; 95% CI, 1%-7%) vs in the placebo group (11% [95% CI, 6%-16%]; P = .02; treatment difference −7% [95% CI, −12 to −1%]). Positive Candida cultures among the 6 infants with invasive candidiasis who received fluconazole included endotracheal (n = 1), cerebrospinal fluid (n = 1), and blood (n = 4). Positive Candida cultures among the 16 infants with invasive candidiasis who received placebo included endotracheal (n = 4), sterile urine (n = 5), cerebrospinal fluid (n = 1), peritoneal (n = 2), and blood (n = 10). Five infants had positive cultures from different sites or methods: blood and peritoneal (n = 2), blood and urine (n = 1), endotracheal and urine (n = 1), and blood, cerebrospinal fluid, and urine (n = 1).
Primary and Secondary Efficacy End Points
Mortality was high among infants with candidiasis. Among those with definite candidiasis, death occurred in 7 of 17 infants (41%; 95% CI, 18%-67%) and among those with probable candidiasis, death occurred in 3 of 8 infants (38%; 95% CI, 9%-76%). Mortality among patients with definite or probable candidiasis in the fluconazole group occurred in 2 of 6 infants (33%; 95% CI, 4%-78%) and in the placebo group, death occurred in 6 of 16 infants (38%; 95% CI, 15%-65%).
Safety
Seven infants (4 in the fluconazole group and 3 in the placebo group) had increases in AST or ALT of greater than 250 U/L; 1 of these infants who received placebo had elevation in both AST and ALT. There were no between-group differences in the number of infants with GGT greater than 100 U/L (fluconazole group, 20% [95% CI, 14%-26%] vs the placebo group, 21% [95% CI, 15%-28%]; P = .78; treatment difference −1% [95% CI, −10% to 7%]) or with conjugated hyperbilirubinemia (Table 3) . There were no differences in the incidence of invasive bacterial infections or length of stay. The fraction of infants in each In the original reporting of data from the sites, the number of infants in each group who developed stage II or III necrotizing enterocolitis was not statistically different (fluconazole group, 18% [95% CI, 12%-23%] vs 20% in the placebo d Participants who died or withdrew from the study prior to discharge home were excluded from the length-of-stay analysis. e These numbers reflect adjudicated results (see Table 4 ). ). After the difference was detected following the database lock and adjudicated by 2 neonatologists who were blinded to group allocations, the incidences of necrotizing enterocolitis and spontaneous intestinal perforation were not statistically different in the 2 study groups ( Table 4) . In a number of instances, a participant was noted to have experienced both an episode of necrotizing enterocolitis and spontaneous intestinal perforation, and on adjudication, was determined to only have 1 or the other.
Mortality and Neurodevelopmental Follow-up
Of the infants who were enrolled in the study and for whom consent was retained, 84% completed the neurodevelopmental assessment or died. Of the 188 infants who received fluconazole, 3 were withdrawn early and 33 died, leaving 152 who were followed up until hospital discharge. Of these, 118 completed neurodevelopmental follow-up. Of the 173 infants who received placebo, 3 were withdrawn early and 32 died, leaving 138 who were followed until hospital discharge. Of these, 107 completed neurodevelopmental follow-up ( Figure) . There was no difference in gestational age between infants who completed neurodevelopmental follow- Table 2 ). This finding remained after controlling for infant exposure to antenatal steroids, cesarean delivery, and level of maternal education (P = .87). The composite scores for language, cognition, and motor development were not statistically different between the groups, and the fraction of infants with a Bayley-III cognition composite score of less than 70 was not statistically different between infants in the fluconazole group (18%; 95% CI, 10%-26%) vs the placebo group (14% [95% CI, 7%-21%]; P = .43; treatment difference, 4% [−6% to 15%]). The fraction of infants who developed cerebral palsy, blindness, or deafness in each group was also not statistically different ( Table 2) .
Discussion
Fluconazole prophylaxis compared with placebo was not associated with a statistically significant difference in the composite primary end point-death or definite or probable invasive candidiasis-although it was associated with a statistically significant reduction in the incidence of definite or probable candidiasis alone. This study adds new evidence regarding the efficacy of fluconazole prophylaxis, but raises the question of whether prevention of invasive candidiasis translates into substantial improvements in the outcomes of prematurity.
These discrepant results may be related to the lack of effect on mortality of fluconazole prophylaxis. There was no difference in overall mortality between the fluconazole group (14%; 95% CI, 9%-19%) and the placebo group (14%; 95% CI, 9%-20%). We estimated an incidence of death or invasive candidiasis of 30% in the placebo group, but our placebo group had an incidence of only 21% (95% CI, 15%-28%). Although not underpowered for the primary outcome, the overall lack of mortality benefit resulted in a nonsignificant finding for the primary outcome of death or invasive candidiasis, despite the significant decrease in invasive candidiasis associated with fluconazole prophylaxis. The incidence of culture-proven candidiasis was lower in the placebo group of our study compared with placebo groups in previous trials. 3, 4 This may be due to decreased use of broad-spectrum antibiotics (eg, thirdgeneration cephalosporins), increased use of line bundles, and improved handwashing. 8 There was also a high inborn population (87%) enrolled in this study, which is associated with improved outcomes. In addition, we anticipated a mortality benefit by preventing cases of invasive candidiasis that might be missed due to the low sensitivity of blood cultures. 13 Relatively high-volume blood cultures in adults have a less than 30% sensitivity for invasive candidiasis, and blood volumes for culture in premature infants are frequently 1 mL or less. 13 Fluconazole prophylaxis was also not associated with the secondary end point of neurodevelopmental impairment in this cohort of infants from NICUs with low-to-moderate inci- Fluconazole was associated with a statistically significant reduction in the incidence of probable or definite candidiasis, consistent with several, 3, 4 but not all, 14,15 randomized trials of fluconazole prophylaxis in infants. This finding is also consistent with studies conducted in older patients. [16] [17] [18] [19] [20] Fluconazole has been very effective in preventing candidiasis in studies with a high incidence (13% 3 and 20% 4 in the placebo groups compared with <2% in nurseries in North America and Europe   2 ). The placebo group in the present study had a 9% (95% CI, 5%-14%) incidence of definite or probable invasive candidiasis and a 7% (95% CI, 3%-11%) incidence of definite invasive candidiasis. Thus, overall, the effect of fluconazole prophylaxis on the incidence of candidiasis from randomized and nonrandomized studies appears largely to be independent of baseline incidence.
We did not find any statistically significant safety concerns associated with fluconazole prophylaxis in this study, although power was low for these outcomes. After blinded review of operative notes and radiograph reports, the adjudicated data did not demonstrate an association with spontaneous intestinal perforation and fluconazole prophylaxis. Spontaneous intestinal perforation is a different disease entity from necrotizing enterocolitis. 21 Differentiating spontaneous intestinal perforation from necrotizing enterocolitis is difficult, and the diagnosis is often not confirmed until laparotomy. An association between fluconazole and spontaneous intestinal perforation was also not observed in previous fluconazole prophylaxis studies. The incidence of invasive candidiasis has decreased in the United States over the last decade. 8 As the incidence of candidiasis in a NICU decreases, the benefit of prophylaxis relative to overall harm (effect on Candida resistance patterns, potential safety concerns, drug cost) becomes lower. Based on both the results of our study in NICUs with a low incidence of invasive candidiasis, and previous prophylaxis trials in highincidence NICUs, 3, 4 the routine use of fluconazole prophylaxis should be limited to units with moderate-to-high incidence of invasive candidiasis. However, additional research is needed to precisely define the incidence at which the benefits of fluconazole prophylaxis outweigh the risks.
Limitations
Our study has some limitations. After randomization, there were imbalances between the 2 treatment groups. A higher proportion of infants in the placebo group were born via cesarean delivery. This may have decreased Candida colonization in the infants in this group. 22 Additionally, more infants in the placebo group were exposed to antenatal steroids, which may have decreased mortality and morbidities in the placebo group. Both of these imbalances may have biased the results toward the null. However, on post hoc analysis of the primary end point adjusted for gestational age, cesarean delivery, and antenatal steroids, the result remained similar to the primary analysis. We included probable candidiasis in our primary end point.
We acknowledge that fluconazole prophylaxis may have resulted in eradication of Candida from nonsterile sites, potentially biasing the results away from the null. Secondary analyses were not adjusted for multiple comparisons.
Conclusions
Among infants with a birth weight of less than 750 g, fluconazole prophylaxis compared with placebo was not associated with a statistically significant difference in the incidence of the composite of death or invasive candidiasis. These findings do not support the universal use of prophylactic fluconazole in extremely low-birth-weight infants.
